T he su pravital staining of osteoclasts with n eutral-red: their distribution on the p arietal bone of norm al growing mice, and a com parison with the m utants greylethal and hydrocephalus-3 I t is show n t h a t th e o steo clasts ca n be su p ra v ita lly sta in e d w ith n e u tra l-re d so t h a t th e y a re c learly visible u n d e r th e d issectin g m icroscope. T h e ir d is trib u tio n on th e p a rie ta l b one o f n o rm a l m ice a t sev eral ages fro m b ir th to 28 d a y s a n d th e d e ta ile d a p p e a ra n c e o f n e u tra l-re d sta in e d o steo clasts is describ ed . I t is show n t h a t th e sta in in g re a c tio n varied b etw een in d iv id u a l cells, a n d som e evidence is p re s e n te d as to th e re la tio n o f th e n e u tra lre d g ran u les to cy to p lasm ic inclusions a n d to th e Golgi a p p a ra tu s . T h e b e a rin g o f th e d a ta on th e origin a n d fa te o f o steo clasts is d iscussed. I t is su g g ested t h a t som e o f th e sm all o steo clasts arise b y s e p a ra tio n from la rg e r ones. P re lim in a ry e x p e rim e n ts on th e a p p lic a tio n o f th e m e th o d to o th e r p a rts o f th e sk eleto n b y in je c tio n o f th e dy e are d escrib ed . T he d is trib u tio n o f o steo clasts on th e p a rie ta l b one o f th e g re y -le th a l a n d h y d ro c e p h a lu s-3 m u ta n ts is co m p ared w ith th e n o rm a l a n d th e occu rren ce o f g ia n t o steo clasts in th e g re y -le th a l is n o te d . A co m p ariso n o f th e n o rm a l a n d th e g re y -le th a l b y o steo c la st c o u n ts is re p o rte d , a n d th e accu ra c y o f th e m e th o d assessed. I t is sh o w n t h a t th e g re y -le th a l is deficien t in n u m b e r o f osteo clasts, a n d p o ssib ly in th e a m o u n t o f o steo c la st m a te ria l. T h e d is trib u tio n o f o steo clast size in th e n o rm a l a n d g re y -le th a l is co m p ared . Som e c ritic a l su g g estio n s are p u t fo rw ard concerning th e influence o f m e c h a n ic a l fa c to rs in c ra n ia l g ro w th , a n d th e b e arin g o f th e p re s e n t d a ta on th e p ro b le m is considered. E m p h a sis is la id on th e te n d e n c y for a n o rm a l p a tte r n o f o steo clasts to be m a in ta in e d ev e n w h en th e m ec h a n ic a l co n d itio n s are p ro b a b ly ab n o rm a l. ♦
I n t r o d u c t i o n
In the course of an examination of growing bone by various cytological and histochemical techniques, it was noticed that if the skull roof of young mice was supravitally stained with neutral red, the coloration of the osteoclasts was so strong that their distribution and number could be determined under the binocular dissecting microscope (figure 14, plate 35). Although several workers have studied bone after vital staining with various dyes, this striking reaction of osteoclasts has apparently not been described. Shipley & Macklin (1916) and Cappell (1929) both reported that osteoclasts, in contrast to macrophages, did not stain intravitally with trypan blue, while Rous (1925 a) mentions a slight granular staining after intravital litmus injections and a diffuse coloration by brom-cresol purple (Rous 19256) . Vital staining with neutral red not only provides a rapid and simple method for studying the location of osteoclasts on the growing skeleton, thus supplementing the information available from the studies of Lacoste (1923) using microtome sections, of Kolliker (1873) using hand sections, and those of Kolliker (1873) and Brash (1934) using the more indirect madder-feeding method, but it opens up the possibility of quantitative estimation of these cells, both during normal growth and under various experimental conditions, such as hormone injections and deficiencies. The size and shape of the cells can be more easily appreciated by this method than in sectioned material, where many of them are cut across. One might also hope to throw some light on the mode of origin and fate of osteoclasts, and perhaps detect differences of staining reaction indicative of their state of physiological activity. The parietal bone of young mice is in some respects very favourable material for the study of osteoclasts and osteoblasts. The cells are spread out as a thin layer on the bone surface, and the processes of deposition and absorption are proceeding at different rates in different regions. Pieces can easily be removed and mounted under a cover-slip for high-power study, either fresh or after treatment with cyto logical or histochemical reagents, which can rapidly penetrate such thin layers of tissue. A large population of cells is then available for observation, and variations in their appearance can be studied in relation to their situation on the bone.
M a t e r i a l a n d m e t h o d s
Observations on normal bones were made on normal phenotypes from a greylethal stock. Animals were examined at birth, 7, 10, 14, 18, 22 and 28 days. For supravital staining they were killed with ether, the skin stripped from the head, and the skull roof removed with scissors under a Ringer drip, to avoid clotting of blood on the surfaces. The pieces were transferred to a 1:10,000 solution of neutral red (Gurr) in Ringer and incubated at 37° C. For intense staining, suitable for counting, a period of f to 1 hr. was found to be desirable, but some staining is evident after 10 to 15 min. Before examination the dura was removed by carefully stripping it forwards, starting from the tentorium cerebelli.
Particularly for quantitative studies and comparisons with abnormal animals, it seemed best to concentrate on a single bone of simple shape, with the minimum of overlying tissue to prevent penetration of the dye. The parietal bone was the obvious choice. For counting and accurate plotting of the cells, the whole skull roof was transferred from the stain to 2 % mercuric chloride, the dura being removed 2 to 3 hr. later. The osteoclasts remain sharply stained in this solution for several weeks, but ultimately they become obscured by precipitates in the tissues and they tend to fade if exposed to strong light. Fixed specimens are not suitable for detailed study of individual cells because the granulation is disturbed, and dark red crystals appear in heavily stained parts of the cell.
Small pieces of bone were also prepared as whole mounts by the Kolatschew method to show the Golgi material. The impregnation could be followed by periodic microscopic examination, and 3 to 4 days in 2 % osmic acid at 37° C was found to give satisfactory results. Additional technical information is given in the relevant sections.
T h e d i s t r i b u t i o n o f t h e o s t e o c l a s t s i n n o r m a l a n i m a l s
Figures 1 to 5 show the distribution of the osteoclasts on the parietal and posterior end of the frontal bone in normal animals at successive ages. The fixed preparations were photographed and, using enlargements, the individual cells were marked off in ink with the specimen under observation with the binocular dissecting microscope or the 2 in. objective. In order to draw in the bone outline and sutural overlaps, observations on the mercuric chloride material were supplemented by a study of alizarin transparencies of the opposite side of the skull. It will be seen that as the parietal increases in size, which it does most rapidly in the first week after birth, the osteoclasts spread over a larger area, then thin out in the central region, becoming confined to a peripheral zone within the extending margins, and finally disappear first from the anterior and medial region and then from the posterior and lateral. The exact pattern at any age may vary considerably between individuals of one litter, partly because some animals are at a more advanced stage than others. In a 10-day litter the pattern in some animals may approximate to a condition more usual at 14 days. The series of stages selected for illustration is considered to give a fair representation of the average condition.
If the distribution of osteoclasts is studied in relation to the bone structure as revealed by alizarin transparencies (figure 15, plate 35), several points emerge. The area covered by the osteoclasts at birth is composed of a fine lattice, the more or less circular interstices of which open at many points on the deep surface of the bone. At 7 days the central area, from which osteoclasts are disappearing, has become a solid sheet of bone with vascular canals arranged radially around it, and the trabecular lattice occupies a laterally situated area adjacent to the overlap with the squamosal. The radial canals run diagonally through the bone so that their openings on the concave deep surface have overhanging peripheral margins. Osteoclasts are concentrated in the areas traversed by these canals, and it appears,
The supravital staining of osteoclasts with neutral red from superposition of enlarged drawings, that the foramina move outwards as the bone grows, as a result of osteoclastic erosion of their overhanging margin. In some specimens osteoclasts can be seen within the canals or projecting from their openings. The laterally situated lattice becomes converted into a diploe, with an inner and outer table penetrated at intervals by foramina, while the trabeculae in the interior are largely removed, leaving by 18 days an extensive space containing vessels and haemopoietic tissue. By this time the peripheral foramina are reduced in number and the osteoclasts have disappeared from most regions. It is easy to see from slices of the whole head at successive ages that, particularly during the first fortnight after birth, the radius of curvature of the parietal is increasing both sagittally and coronally. The distribution of osteoclasts, following behind the zone of bone deposition at the margins in the same way as they do at the metaphysial region of a growing long bone, is consistent with such a flattening of the bone by absorption. A similar conclusion was reached by Brash (1934) for the human parietal on the basis of changes in the sagittal suture, and by Lacoste (1923) from a histological study of growing lambs. The results also support Brash's conclusion, based on madder-feeding in the pig, that absorption is mainly confined to the inner surface of the cranial vault. However, if the outer fascial covering is removed prior to staining, it is generally possible to find a few osteoclasts on the external surface of the parietal at 14 to 18 days, but not before 10 days. To avoid confusion, the cells can be removed from the inner surface with a pad of filter paper. A small group of some twenty osteoclasts occurs in the central region of the bone, which at that age is free from osteoclasts on the corresponding inside surface. A few cells may also be found near the fronto-parietal suture, at the posterior edge of the parietal and on the frontal near the midline. I t is conceivable that neutral red does not show up all the osteoclasts present, but only those in a particular state of activity, but a study of neutral-red specimens subsequently stained with haematoxylin and eosin and prepared as whole mounts, in which osteoclasts can readily be located microscopically, shows that this is not so to any significant extent. It will be noticed that the region where the frontal overlaps the parietal on its deep surface is generally free from osteoclasts, those on the frontal ending sharply here, and this zone stands out as a definite bulge. Some osteoclasts are found on the overlap of the parietal on the squamosal at its anterior end (figures 2, 3 and 4).
H i g h -p o w e r o b s e r v a t i o n s o n t h e o s t e o c l a s t s i n t h e n o r m a l a n i m a l
Turning now to more detailed features of neutral-red stained osteoclasts, one finds considerable variation in their size, shape and intensity of staining (figure 16, plate 35). The larger cells, which contain about ten nuclei, sometimes show rounded lobes, joined to the main body by a fine filament of cytoplasm. In some cases adjacent cells have pointed projections, so orientated as to suggest the breaking of an originally continuous filament. It seems likely that small, globular osteoclasts, containing two to three nuclei, originate in this way. The shape of the cells shows no orientation in relation to the growth pattern of the bone, such as might be expected if outward migration by active cell movement were occurring. Rumjantzew & Berezkina (1945) report that the osteoclasts are non-motile in tissue culture, though they also describe large osteoclasts migrating out of the original explant; more recently Hancox (1946) has described similar migration from chick frontal bone cultures. A rate of movement of the order of 10 an hour would suffice to keep pace with the growth of the bone.
The neutral-red staining is in the form of granules of widely varying size (figures 19, 20, plate 36). After 10 to 15 min. staining, variation can be seen in the intensity of staining of individual cells (figure 16, plate 35). In the paler cells the cytoplasm is crowded with coarse yellow-red granules, while in one or more regions, often between a nucleus and the cell membrane, darker blue-red granules occur (figures 19, 20, plate 36). Other osteoclasts, particularly small globular ones, mentioned above, may be so crowded with dark red granules that the unstained nuclei are obscured. Pale and dark cells seem to occur at random in any given area, but there may perhaps be a preponderance of dark cells along the medial and posterior border of the parietal and the posterior edge of the frontal. It is difficult to be certain, however, that one is dealing with an actual difference of granule number or coloration. Cells spread out as a thin sheet may appear less densely granular than those of globular form. After prolonged staining, for 1 hr. or more, most of the osteoclasts are very densely stained (figure 18, plate 36). Local differences in the permeability of the overlying tissues might give rise to variations in staining intensity, but this is an unlikely explanation where pale and dark cells occur close together. The red background, due to staining of cells in the vascular canals or the diploe, may influence the appearance in some regions.
The origin and fate of osteoclasts has been a longstanding matter of controversy. Earlier views are discussed by Arey (1919-20) and more recently Bloom, Bloom & McLean (1941) , working on the medullary bone of the laying pigeon, in which the change over from bone deposition to active absorption is very rapid, have supported the view that the osteoclasts arise by fusion of osteoblasts and that this process may be reversible. In the material described here the latter cells are clearly distinguished by a compact group of neutral-red granules lying close to the nucleus. In areas where osteoclasts are plentiful they are often seen to lie in an unstained zone free from osteoblasts (figure 18, plate 36). The outline of the osteoclasts is distinct and no certain example suggesting an origin by fusion of osteoblasts or a reversion to these cells has been observed. In the first week after birth there is a striking increase in the number of osteoclasts (figure 11) amounting to 1500 cells at least. It would seem that new osteoclasts must either arise at the periphery of the bone or the cells must be capable of some degree of movement, in which case new formation might occur over the whole area. An average rate of formation of ten cells per hour would involve less than 1 % of the cells at any one time, and particularly if the process were rapid and not confined to restricted regions, transitions might easily be overlooked. On the other hand there may be a continuous maintenance replacement as well as an increase in total numbers. Evidence of the mode of disappearance of osteoclasts is equally inconclusive, and no specific features have been noted in all regions where the number of cells is declining. In the lateral region of 14-day bones, however, where few osteoclasts remain, they tend to have an elongated form with scanty granulation. Unequivocal observations on the life history of the osteoclasts seem to require the study of these cells in vitro. In this connexion it is noteworthy that Rumjantzew & Berezkina (1945) observed no evidence of the mode of formation of osteoclasts vitro, and that Lewis (1927) experienced difficulty in observing amitoses in giant cells of lymph-node cultures, but both amitoses and cell fusions were found in cultures of a transmissible rat sarcoma. The process of cell fusion took some 20 min.
It is not intended to present here a detailed discussion of the nature of the neutral-red granules and their relation to cytoplasmic organoids and inclusions. The matter requires more intensive study applying cytological methods to identical cells after neutral-red staining. Certain preliminary results may, however, be mentioned. Kolatschew preparations show osmiophil granules lying close to some of the osteoclast nuclei, and it is tjiought that these may correspond in position to the regions of dark red granules mentioned above (figures 20, 21, plate 36). Impreg nation of the specimens is uneven but particular attention has been paid to areas in which the adjacent osteoblasts show osmiophil material only in the Golgi region. In some osteoclasts osmiophil granules are more numerous and scattered but impregnation of mitochondria, which are known to be numerous (Dubreuil 1910; Fell 1925-26) , may have occurred. In the specimen shown in figure 21, plate 36, taken from a fresh bone, the Golgi material near the nuclei is in the form of short rods. In specimens fixed after neutral-red staining, the Golgi material is in the form of granules. This may be the result of disruption of the Golgi material as described by Ludford (1930) for the neutral-red stained pancreas. No compact reticular Golgi apparatus, such as da Fano (1921) describes in multinucleate sarcoma cells in tissueculture, has been seen, nor does the condition closely resemble the evenly dispersed state of the apparatus figured by Wislocki & Bennett (1943) in the syncytium of the trophoblast.
If osmic acid is applied to neutral-red stained preparations, the colour becomes diffuse and black granules, presumably lipoid, are found in the osteoblasts and in the osteoclasts, particularly at the cell margin, as also noted by Fell (1925-26) in the chick. These granules have a different distribution from those seen in Kolatschew preparations; they were not found in fresh material fixed in osmic acid or Champy's fluid, and they are probably a sign of degenerative change due to incubation in Ringer. Fresh osteoclasts fixed in the above reagents show numerous unblackened granules of regular size throughout the cytoplasm, and it seems likely that it is these, possibly secretory granules, which stain pale yellow-red supravitally.
T
T H E SK U L L AND SK E L E T O N
Some observations were made on the neutral-red stained bisected skulls from newborn to 18-day-old animals. Figure 6 shows diagrammatically the distribution of osteoclasts on the inner surface of the lateral wall of the brain case in a 10-day-old animal. The diagram is generalized from an examination of several specimens. The distribution is discontinuous and there is a tendency for the cells on flat bones, such as the squamosal and alisphenoid, to be arranged near the periphery, but not extending to the margins, in the manner already described for the parietal. It seems that where overlapping sutures occur the overlaps are on the whole free from osteoclasts. In the case of the suture between the interparietal and supraoccipital, which is not overlapping, the marked concentration of cells in this area is not F ig u r e 6. A diagram of the approxim ate distribution of osteoclasts on the inner surface of the brain case in a 10-day animal. (1) frontal, (2) parietal, (3) squamosal, (4) alisphenoid, (5) interparietal, (6) supraoccipital, (7) exoccipital, (8) petrous tem poral, (9) basioccipital. appreciably interrupted. At birth the osteoclasts on the bones of the lateral wall are spread over the centre of the bone, and as development proceeds they become distributed more peripherally. The process resembles that described for the parietal but is less regular. No particular concentrations of osteoclasts were noticed at the margins of foramina, but the stripping of the dura is attended by some risk of removing cells in this position. Supravital staining of many parts of the skeleton is not possible because muscles and dense connective tissue, which are difficult to remove without injury to the periosteum, impede penetration of the dye. The deep surfaces of the ribs and of the xiphisternum give quite good results without dissection. The difficulty of penetration should be surmountable by intravital use of the stain. 10-day animals were therefore injected subcutaneously with 0-5 % neutral-red in Ringer, 0-2 c.c. being given every hour for 6 hr. The limbs were then fixed in 2 % mercuric chloride. The hardened muscles could later be removed fairly easily with glass needles and the stained osteoclasts on the bone surface could be seen under the dissecting microscope, although the staining was not intense enough for quantitative studies. 
The application of neutral-red staining to the bones of the mutant grey-lethal, Griineberg (1936) , in which bone absorption is very defective, might reveal abnor malities in the osteoclasts which are not evident in sections. The method also permits a comparison of the number of these cells in normal and grey-lethal bones. Neutralred stained specimens of the skull roof were therefore prepared from grey-lethal animals at the same ages as the normal series. Grey-lethal animals at birth were picked out by examination of the shape of the rib heads, as described by the writer (1941). In the majority of cases the normal and grey-lethal material of a given age was obtained from the same litter.
Figures 7 to 10 show a series of grey-lethal parietals for comparison with the normal series (figures 1 to 5). Certain differences are at once apparent. The osteo clasts in the grey-lethal are less numerous; this is particularly evident from birth to 10 days. The pattern of distribution of the osteoclasts in the grey-lethal under goes a similar change to that seen in normal animals; the cells become restricted to the periphery and disappear first at the medial border. The process is, however, somewhat delayed in the lethal. At 10 days many osteoclasts still remain in the central region of the parietal, and at 18 and 22 days they have only disappeared completely from the medial border. This finding is consistent with the general developmental retardation of the grey-lethal, which is manifest, for instance, in its body-weight curve and the ossification of the epiphyses.
The grey-lethal bones are distinguished by the occurrence of very large osteoclasts of irregular shape (figures 7 to 10, and figure 17, plate 35). These generally occur in regions of the bone where the osteoclasts are most numerous and not in process of rapid disappearance. It was noticed previously by Barnicot (1945) , in a study of ribs of grey-lethals after prolonged dosage with parathormone, that the osteoclasts, as seen in sections, often formed extensive syncytia on the bone trabeculae. Bloom et a l . (1941) in their study of massive bone absorption in the medullary cavities of the laying pigeon, observed a similar phenomenon. In neutral-red specimens it can be seen that these giant osteoclasts often lie against long, sharp-edged ridges of bone which project from the general surface. It seems probable, in view of these facts, that the formation of giant osteoclasts, perhaps by fusion, is a manifestation of extreme local activity.
The osteoclasts in the grey-lethal show no defect in their ability to take up neutral red, indeed the density of their granulation may even exceed that of normal cells. The Golgi apparatus and other cytological features have not been examined in grey-lethal material.
A Q U A N T IT A T IV E S T U D Y OF T H E O STEOCLASTS IN NORM AL A N D G R E Y -L E T H A L P A R IE T A L S
It seemed desirable to attempt a comparison of the normal and grey-lethal by osteoclast counts. The method has been described above. The results are presented graphically in figure 11. In the normal animal the number of osteoclasts on the parietal, over 2000, in some cases, at 7 days, probably exceeds the number that would be estimated from a casual examination of sectioned material. It is seen that the number increases to a maximum at 7 days and then declines sharply, showing only an insignificant decrease between 14 and 28 days. The grey-lethal curve shows the same rise to a 7-day maximum, followed by a more gradual decline. The standard errors of some of the mean points are shown in the figure. There is a significant deficiency of osteoclasts in the lethal bones at birth and 7 days, but 2000-1000-days after b irth at 10 days, when the numbers are declining rapidly, the normal material shows a wide range of variation. There are various limitations to the accuracy of counts on extensive areas under relatively low powers. It is difficult to define the limits of individual cells in very dense regions, and also to get uniformly sharp focus in photographs of the curved surfaces. An attempt was therefore made to check the accuracy of the counts by selecting a number of fields of equal area containing approximately 150 to 300 cells in the normals, and counting them on enlargements from high-power photographs. The fields were chosen from corresponding regions of the lethal and normal bone, where osteoclast density was high. The results are given in table 1.
In this table the counts made under high-power of selected dense fields are com pared with the low-power counts of the same fields. It will be seen that errors in the low-power count of the order of 30 to 40 % may arise both in normal and grey-lethal bones. Usually the counts under low-power are too low. This is mainly due to counting several closely grouped cells as one, and to failure to detect the smallest category of cells. Nevertheless, the error appears to affect the normal and grey-lethal counts in the same sense. The application of the 't ' test to the figures' shows that in the high-power count the grey-lethals are still significantly lower than the normals, although the significance is reduced by the anomalous value, 138, for the first 10 day normal count. The graph given in figure 11 may still be taken as at least a rough indication of the sequence of events in the normal and grey-lethal and of the difference between them insofar as the data were obtained by the same technique in both. Moreover, table 1 was obtained from dense fields, and it is likely that the error for counts of the whole bone are not as great, and probably con siderably less for the older bones, where the total number of cells is smaller, and they are more scattered.
Since some of the osteoclasts in the grey-lethal are very much larger than in normals, it seemed desirable to attempt an estimate of total osteoclast 'substance '. For this purpose the same photographic enlargements of equal area high-power fields were used. The outline of each cell was checked under the microscope and each was then cut out from the print and the total number weighed. Table 2 shows the results obtained from two 10-day pairs, each pair comprising a normal and grey-lethal from the same litter. The total weight of osteoclast in the normal is taken as 1*0, and the lethal number expressed as a proportion. In the case of the lethal animal of pair 2, two separate fields were counted. Although, judged on this basis, the grey-lethal shows less osteoclastic deficiency than when assessed on a basis of cell number, it is felt that a deficiency exists, but that it is not sufficiently severe to account for the marked defect in bone absorption. The method is obviously susceptible to error since it depends on a measurement of projected cell area and takes no account of differences in cell depth, and there must also be undetermined manipulative errors. Moreover, the relation of such a measurement to functional activity remains undetermined. In the case of one 10-day normal/grey-lethal pair, the osteoclasts cut out for the determination of total weight were also weighed individually. Table 3 shows the frequency distributions of cell weight thus obtained. Vol. 134. B: 31 A comparison of the percentage of cells in the different size groups shows up the grey-lethal peculiarity in the possession of a few osteoclasts of very large size. The two giant osteoclasts included in this field comprise 36 % of the total weight of these cells. The smaller categories of cells in the grey-lethal are seen to have a frequency distribution fairly similar to the normal, though here again there is a tendency towards more cells in the large-size groups at the expense of the smallsize ones. A reasonable explanation seems to be that in the grey-lethal the dis tribution of cell sizes is disturbed by the fusion of small cells to form large ones, particularly in some regions where bone absorption, or the attempt at absorption, is maximal. It can be shown statistically that if a distribution is fitted to the normal values, the grey-lethal figures are a bad fit to this distribution.
weight of single osteoclasts Table 3 norm al The distribution of osteoclasts on the parietal of hydrocephalus-3
At Dr Griineberg's suggestion I examined two specimens of the mutant, hydro cephalus-3, described by Griineberg (1943) . The animals were 15 and 17 days old, and showed a well-marked globular swelling of the cranium. The distribution of osteoclasts on the parietal and posterior end of the frontal in the 15-day animal, together with a normal from the same litter is shown in figures 12 and 13. There is a dense cluster in the centre of the hydrocephalus-3 parietal, otherwise their dis tribution is mainly on the lateral aspect. On the posterior region of the frontal, osteoclasts are numerous, whereas in the normal they are absent in this position. Apart from the large number in the central region, the pattern is rather similar to that of the control animal; the anterior border is relatively free from osteoclasts, and so is the medial part of the posterior border, where the bone meets the inter parietal. The sagittal border is also free from them, except near its posterior end, where a small cluster also occurs in the normal. In the 17-day specimen, which is not illustrated because dural adhesions interrupted the osteoclast pattern, the similarity to the normal animal is even greater, since the central accumulation of osteoclasts does not occur. This may be correlated with the fact that in this animal, the curve of the skull roof was somewhat flatter than in the 15-day one, in which the centre formed the apex of a strongly curved dome. In both hydrocephalus bones the total area covered by osteoclasts is greater than normal, roughly in proportion to the increased area of the whole bone, and the total number is obviously much increased, though exact estimation was not attempted; but the shape of the area they cover is comparable to that of a normal bone of the same age.
T h e g r o w t h m e c h a n i s m o e t h e b r a i n c a s e It remains to consider the bearing of the present data on the problem of the mechanism of skull growth. One wishes to know what stimuli determine the production of osteoclasts at particular sites, their change of distribution as develop ment proceeds, and the peculiarities of their behaviour in the abnormal types. One might regard their appearance as being determined by local mechanical conditions, the most important being the pressure and tension which the growing brain may be expected to exert on the endocranial wall. The examples of anencephaly, micro cephaly and hydrocephaly, and of cerebral tumours which lead to local bone absorption, emphasize the effects which the underlying brain tissues can have on the growth and form of the bone, and it is generally believed that constant local pressure can result in bone absorption. The reader is referred to Murray's (1936) useful discussion of these topics. There are, on the other hand, examples in which the peculiar form of the brain case, apparently correlated with the provision of attachment surfaces for nuchal and masticatory muscles, as in the elephant, would seem to affect the shape of the brain. Le Gros Clark (1945) attempts to account for the mammalian sulcal patterns in terms of local differences in the mechanical properties of the cerebral tissue which folds under the restriction of the bony envelope. It may be, therefore, that the response of the bones to mechanical forces set up by the brain is limited, either by the simultaneous operation of other mechanical stimuli, or because the bones have a certain autonomy and pursue an independent growth pattern. Only experiments designed to measure the postulated forces and to study the morphogenetic capacity of the tissues when these are eliminated or controlled can give unequivocal answers to these questions, and the present results, like most of the relevant observations in the literature, are of an indirect character and only allow more or less plausible inferences concerning morphogenetic mechanism.
If the location of osteoclasts on the internal surface of the normal parietal is directly determined by local pressure and tensile forces, it is difficult to see how the same forces can account for the simultaneous appearance of the cells on the external surface. The concentration of osteoclasts on the supraoccipital region certainly invites correlation with the growth of the cerebellum, but on the lateral wall of the cranial cavity, the distribution gives the impression that each bone is being modelled as an independent entity, the osteoclasts following behind the zone of bone deposition at the margins. The absence of osteoclasts on the sutural overlaps is not readily explained if the pressure of the brain is the only governing factor, and this observation conflicts with Brash's conception which demands erosion of the overlaps on the internal surface; it would be more readily explained if growth at the bone margins does occur, but they continuously slide away from each other, and are modelled by osteoclastic action as each point emerges from the region of the overlap. In this case the absence of osteoclasts might be correlated with the thinness of the bone at these regions and the need for maintaining adequate mechanical strength. The location of osteoclasts is certainly related to structural features such as vascular foramina and the underlying diploe, but the causal sequence remains obscure.
The growth of the brain case in the grey-lethal presents a problem at least superficially similar to that of the tooth germs in their bony crypts, which, as Griineberg (1937) has shown, do not enlarge, so that the teeth become distorted. In the case of the skull, however, the existence of sutures would permit increase of cranial capacity, and probably, by altered direction of marginal bone deposition, some change of shape, without recourse to absorptive modelling. It seems very likely that this process accounts for much of the increased curvature of the hydro cephalus-3 parietal, since the margins, where osteoclasts are absent, are also abnormally curved. In these animals, there is evidently absorption at abnormal sites, as evidenced by the central accumulation of these cells, and the thinness of the adjacent cerebral wall certainly suggests an effect of local pressure. The striking fact in both mutants is the approximation of the changing osteoclast pattern to normal. This may either mean that abnormal mechanical conditions do not arise, owing to the suggested compensation by marginal deposition, or that the pattern is largely determined by other factors, which one may call intrinsic to the bone in the absence of fuller knowledge. The fact that the grey-lethal distribution at 22 days has only reached a condition proper to a 14-day animal, may be related to the general growth retardation, and may affect the bones either through a cessation of cerebral growth, or by a direct action on the skeletal tissues. It would be desirable to examine the grey-lethal skull by measurement to ascertain how far the normal change of shape of the brain case is achieved. Certainly there is a con siderable post-natal increase in cranial capacity, and the shape is not grossly abnormal. It cannot, however, be taken as certain that bone absorption in the skull is entirely absent. The fact that the openings of the radial canals move centrifugally, and the presence of the above-mentioned sharp-edged ridges, bordered by osteoclasts, which can hardly have been laid down in this form, indicate that a minimal amount of absorption may take place.
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The supravital staining of osteoclasts with neutral red E x p l a n a t i o n o f P l a t e s 35 a n d 36 P late 35 F ig u r e 14. Low-power view of the inner surface of the skull roof of a 10-day norm al anim al after supravital staining w ith neutral red for 45 min. The specimen has been fixed in mercuric chloride and th e dura removed. Magn. x 7-7. F ig u r e 20. High-power view of a neutral-red stained osteoclast to show localized dark red granules. The two smaller cells which are densely granular, and one of which shows a projection of cytoplasm, m ay have broken aw ay from adjacent osteoclasts. Magn. x 352. T h e n ew ly fo rm ed cuticle possesses a p o ly p h e n o l o x id ase like t h a t fo u n d in th e ep icu ticle o f in sects, a n d th is, to g e th e r w ith th e p re v io u sly re c o rd e d p resen ce o f a ty ro sin a se sy ste m in th e b lood, su p p o rts th e view t h a t a ta n n in g a c tio n ta k e s p lace a t th e tim e o f m o u ltin g . I t is th e re fo re possible to e sta b lish clea rly th e h o m o lo g y o f th e c ru s ta c e a n cu ticle w ith t h a t o f in sects, a n d i t is su g g ested t h a t th e ch an g es ta k in g p lace in th e new cu ticle h a v e th e effect o f lim itin g its p e rm e a b ility .
I n t r o d u c t i o n
In recent years attempts have been made to homologize the integuments of insects and Crustacea, but in spite of rapidly extending knowledge they have been only partially successful. For instance, although Yonge (1932) suggested that the two distinct layers, chitinous and non-chitinous, of the soft lining of the foregut of the lobster are probably to be found in all Arthropoda, Wigglesworth (1933) in the following year drew attention to the very different properties exhibited by the outer layer of the cuticle of the bug Rhodnius and that of the foregut of the lobster. Later, however, Pryor (1940) showed that notwithstanding the differences which had impressed Wigglesworth, the integuments of insects and Crustacea have much in common. In both the outer non-chitinous layer contains aromatic substances. Pryor clearly believes that the crustacean cuticle is hardened, if only to a slight extent, by the mechanism of phenolic tanning which he had shown to take place in insects. Previous to this, Drach (1939) had already expressed the view that the 'pigmented layer' of the hard integument of crabs is impregnated with the same amber-coloured substance which constitutes the outermost layer, and that this substance is identical with the ' cutieulin ' of the insect cuticle (see Wigglesworth 1933) . Although basing his views on little more than the resemblance in appearance of the outer zones of the two cuticles, Drach felt sufficiently convinced to propose the adoption in the Crustacea of the terminology applied to the insect cuticle by Campbell (1929) and now generally accepted by entomologists.
